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Partition is an active positioning reaction employed by many low-
copy plasmids and chromosomes to ensure faithful inheritance by
daughter cells at cell division (Funnell and Slavcev, 2004; Gerdes et al.,
2000; Li and Austin, 2002; Niki and Hiraga, 1997). Partition of the plas-
mid P1 is directed by the par locus, which is comprised of the parA–
parB operon and the downstream cis-acting site pars (Abeles et al.,
1985). The P1 parABS system is genetically and biochemically very simi-
lar to sopABC of the E. coli F plasmid (Niki and Hiraga, 1997). ParB is the
protein that binds speciﬁcally to the partition site parS. It recognizes two
distinct asymmetric repeat sequences, boxA and boxB, within the parS
site (Davis and Austin, 1988; Funnell and Gagnier, 1993) that border
an E. coli integration host factor (IHF) binding site (Funnell, 1988b,
1991). IHF cooperatively binds parS and bends the supercoiled DNA to
greatly enhance ParB interaction (Funnell, 1991; Funnell and Gagnier,
1993) resulting in a partition complex composed of parS wrapped
around ParB and IHF (Bouet et al., 2000; Davis and Austin, 1988; Funnell,1988a, 1988b). ParA is an ATPase (Davis et al., 1992) whose role in par-
tition is not yet completely understood, but provides at least a dual re-
quirement in P1 maintenance governed by an ATP–ADP switch.
Upon binding ATP ParA interacts with the partition complex (Bouet
and Funnell, 1999) and is required to properly localize the plasmid on av-
erage at the quarter positions of the cell (Erdmann et al., 1999; Sengupta
et al., 2010). When bound to ADP, ParA functions rather as a repressor
that binds a large inverted repeat sequence in parOP (Hayes et al.,
1994) to prevent further parA–parB expression and ensure functional
levels of the partition proteins (Bouet and Funnell, 1999; Friedman and
Austin, 1988).
Previous domain structure analysis of ParB indicated the presence
of two multimerization domains (Surtees and Funnell, 1999). Recent
ParB crystal structure determination indicates that ParB possesses
unique structural features (Schumacher and Funnell, 2005). ParB
forms an asymmetric dimer with two extended amino-terminal
HTH (helix-turn-helix) domains that contact the A-boxes of parS. In
turn, B-boxes are bound by the dimerized DNA-binding module com-
posed of a six-stranded beta-sheet coiled-coil. Each DNA-binding
module can contact several potential permutations of A and B boxes
due to the ability of each to rotate freely about a ﬂexible linker.
While the C-terminal 59 amino acids were sufﬁcient for dimerization,
a second oligomerization domain was found within the N-terminal 61
amino acids that may not be accessible until ParB binds parS. While
only one ParB dimer is required to interact with the parS recognition
sequences and form the minimal partition complex, at higher concen-
trations of protein additional dimers can bind via the oligomerization
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et al., 2000). In vivo, ParB spreads along the DNA to extend several ki-
lobases beyond parS by forming a ParB–ParB–parS nucleoprotein ﬁla-
ment (Lobocka and Yarmolinsky, 1996; Rodionov et al., 1999;
Rodionov and Yarmolinsky, 2004).
The ATP-binding site of ParA has been analyzed biochemically and
biologically (Fung et al., 2001). Missense mutations that were gener-
ated in each of three Walker ATP-binding motifs (Koonin, 1993) have
yielded three classes of parA alleles and although no one phenotype
was speciﬁc to any of the three ATP-binding motifs, each motif re-
quired conserved lysine and aspartate residues for ATPase activity.
In addition to the generation of nulls, one of the classes of mutants
was the ParA super-repressor, for which repressor activity was
found to be much stronger than that of the wild type. The other sig-
niﬁcant negative dominant mutations imparted the propagation de-
fective (ParPD) phenotype, a partition defect worse than that of a
Par− phenotype. A Par− phenotype arises from null mutations of
parA, parB and/or parS (Par-) and results is no active partition of
newly replicated plasmids to daughter cells. In contrast, a ParPD phe-
notype, arising from speciﬁc dominant mutations in either ParA (or
ParB), such as ParAK122R and ParAD152H, imparts plasmid loss that
is signiﬁcantly more rapid than that in partition defective Par− phe-
notype. This may be due to the unresolved tethering of newly repli-
cated P1 plasmids conferred by such ParPD alleles. Two isolated
ParPD mutations, parAD152H and parAK122R (Fung et al., 2001) fall
within Walker A′ box and Walker A box respectively and impart a
P1 ParPD phenotype similar to that of previously described parA al-
leles T158M and M314I (Li et al., 2004; Youngren and Austin, 1997).
A central question with respect to the partition mechanism is
whether plasmids and chromosomes are paired during the reaction.
The oligomerization of ParB at parS sites is postulated to promote the
pairing of P1 plasmids during the partition process prior to their separa-
tion and relocation to the quarter positions of the cell, although a recent
plasmid incompatibility study found that partition incompatibility was
modulated by titration, randomized positioning and co-activated parti-
tion events ofmixed plasmid pairs rather than direct pairing of plasmids
(Bouet et al., 2007). Although, the results suggest that plasmid pairing
may not be an essential step in the plasmid partition process, there is
convincing evidence to support pairing steps from other systems in
vitro and for P1 in vivo. The R1 plasmid, which employs an actin-like
partition ATPase (ParM), and ParR, a centromere (Jensen et al., 1998)
binding protein, has been shown in vitro to bind together partition
complexes (Jensen et al., 1998). Type I ParB encoded by pB171 has
also recently been shown via electron microscopy to enable parC cen-
tromere-mediated pairing and higher order complexing (Ringgaard et
al., 2007). Indirect evidence for P1 ParB-mediated pairing of P1 plasmid
has been demonstrated by Edgar et al., who showed that ParB promotes
intramolecular pairing of parS sites in vivo (Edgar et al., 2001). In addi-
tion, over-expression of ParB confers the ParPD phenotype in the ab-
sence of ParA (Funnell, 1988a, 1988b), presumably by generating
plasmid aggregates that can no longer be properly separated and dis-
tributed to daughter cells. This phenotype is also imparted by the
parBT12P mutant allele when expressed at wildtype levels, but only in
the presence of ParA (Sawitzke et al., 2002). Similarly, alleles of parA
that confer the ParPD phenotype are dependent upon ParB, suggesting
that they promote the association of poorly resolved ParA–ParB–parS
nucleoprotein complexes (Fung et al., 2001; Youngren and Austin,
1997).
In this study we examine the ability of ParB to complex intermole-
cular parS sites in vivo through P1 stability rescue assays (Fig. 1A),
and in vitro using a novel parS capture method (Fig. 1B). Using
these techniques we also examine the inﬂuence of parA wild type
and the propagation-defective D152H allele on this process and inﬂu-
ence of adenine nucleotides on parS capture. The sequence-speciﬁc
interaction between ParB and speciﬁc Box A and Box B sites involved
that bind parS and mediate plasmid pairing are also shown (Fig. 1C).Results
ParB promotes the parS-dependent association of independent plasmids
in vivo
In this study we have examined the hypothesis that ParB mediates
pairing between plasmids via the partition site parS, and that this pair-
ing is modulated by ParA. We reasoned that if ParB is involved in the
pairing of P1 plasmids in the cell, then we could associate a parti-
tion-incompetent plasmid, carrying only the parS centromere-binding
sequence, to a plasmid or chromosomal partition-competent replicon
that also carries the parS site through the expression of parB in trans
via a third multicopy plasmid. We hypothesized that the stability
of the P1 plasmid would be increased by “piggybacking” on the
other replicon (Fig. 1A). We chose to test (separately) two partition-
competent replicons, the bacterial chromosome and the F plasmid
for potential piggy-back activity.We inserted parS into the E. coli chro-
mosome by lysogenizing DH5 with a λparS phage and transformed
these cells via a multicopy plasmid (pBEF118kan) that expresses
parB at near wild type levels and examined the effect on stability
of the parA−–parB−–parS+ indicator plasmid, pBEF246. Plasmid
pBEF246was shown to be stabilized by pRλParKan at 34 °C expressing
both parA and parB (Table 3). We observed more than a threefold in-
crease in stability of pBEF246 in DH5(λparS) compared to the negative
controls in the presence of ParB (Table 1). The increase in P1 stability
was dependent upon parS and ParB since there was no increase in sta-
bility of pBEF246 in DH5(λD69) cells, nor in DH5(λparS) cells in the
absence of parB expression. We also tested the ability of a Sop+
miniF plasmid carrying parS to inﬂuence the stability of miniP1.
Again a ParB-dependent increase in pBEF246 stability was also ob-
served in cells carrying pBEF161 (Table 2). In contrast, pBEF246
could not be stabilized by pMF3 (parS−), regardless of ParB. These
ﬁndings indicate that ParB can promote the intermolecular association
of parS sites in vivo.ParB associates parS DNA fragments
Next, we tested whether we could observe this pairing reaction in
vitro by asking if a biotinylated DNA fragment carrying parS could
capture a radioactive but non-biotinylated fragment onto streptavi-
din-coated magnetic beads (Ewert et al., 2008). As a negative control
we used a biotinylated DNA fragment without parS from the lacI
gene. We bound biotinylated parS, or lacI fragments to SAM beads
based on the high afﬁnity interaction between biotin and streptavi-
din (see Materials and methods; Fig. 1B). After adding IHF and ParB
to the mixture we measured ParB binding of SAM-bound parS frag-
ments (~50 fmol) to [α32P] ATP-radiolabeled soluble parS fragments
based on the percentage of total radiolabeled parS fragment
(~200 fmol) that could be captured (Fig. 2A). We saw a modest,
but meaningful association of non-biotinylated parS in the presence
of ParB (Fig. 2A). Optimal association of SAM-parS and free parS
was achieved at 4 μM ParB, at which level N6% of free radiolabeled
parS in the mixture were captured. In contrast, SAM-lacI beads, and
beads without DNA were very poor at capturing radiolabeled parS
(b1% of total) at all ParB titration levels, indicating that parS capture
is conferred via speciﬁc ParB–parS interactions. Next, we assayed the
requirement for the N-terminal of ParB that possesses the oligomer-
ization domain, to complex intermolecular parS sites by testing the
ability of the minimal DNA binding fragment of ParB, ParB (142–
333) to capture free parS (Fig. 2B) with SAM-parS beads. Compared
to full length ParB, ParB (142–333) poorly captured free parS
(b1%). These ﬁndings indicate that the pairing of parS fragments by
ParB is both sequence speciﬁc, and cannot be conferred solely by
the DNA-binding region of ParB, requiring also the N-terminal of
ParB.
Fig. 1. ParB-mediated association of intermolecular parS sites. (A) In vivo assay based on the ability of ParB to rescue the stability of a Par- P1 by linking the plasmidwith an independent,
partition-competent replicon (chromosome, or F plasmid) carrying a second parS site. (B) In vitro assay measuring the ability of ParB to associate SAM-conjugated parS fragments with
free radiolabeled parS fragments and capture the complex. The capture of parS is thenmeasured in liquid scintillation counter. The★ represents [α32P-ATP], represents ATP, ATPγS and
ADP, represents IHF, represents ParA and represents ParB. (C) DNA sequence of P1 parS site ParB binds several copies of two distinct recognition motifs that ﬂank an IHF-
binding site, known as BoxA (1/2/3/4) and BoxB (1/2). In vivo, A1 and A4 do not appear to be necessary for efﬁcient plasmid partition, and only A2–A3 and B2 are required for minimal
(small parS site) parS binding of ParB at suboptimal levels. Site arrangement and bending of DNA by E. coli Integration host factor (IHF) allow for intramolecular parS recognition by ParB
dimers and oligomerization of parS-bound ParB likely confers pairing of two P1 plasmids.
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Table 1
Increased stability of Par− P1 via co-segregation with the chromosome.
P1 Plasmid a Prophage Genotype ParB b Plasmid retention (%)
Δ(parAB)-parS+ λ λ+ parS− − 12±2
λ λ+ parS− + 10±2
λparS λ+ parS+ − 11±2
λparS λ+ parS+ + 37±5
All assays were performed in N99 at 34 °C.
a pBEF246 plasmid.
b ParB supplied constitutively by the pBEF118 plasmid. ParB− control was parent
pBR322 plasmid.
Fig. 2. ParB-mediated association of DNA fragments. (A) ParB-mediated capture of
[α-32P] ATP-labeled parS fragment (~200 fmol) measured following incubation with
IHF (0.2 μg)+SAM-parS (~50 fmol) (Li and Austin, 2002), IHF+SAM-lacI (~50 fmol)
(Li and Austin, 2002), and IHF+SAM (no DNA) (□). (B) Capture of αP32-ATP-labeled
parS fragment measured following incubation with ParB+IHF (0.2 μg)+SAM-parS
(~50 fmol) (Li and Austin, 2002), and ParB(142–333)+IHF+SAM-parS (○). Each re-
action included 0.02% BSA and 0.02% sonicated salmon sperm DNA, and was incubated
for 15 min at 37 °C. Error bars from a minimum of three trials represent 1 SD variation
on either side of the mean.
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a ParAPD allele
The pRλD152H, but not the pRλPar plasmid, exerted a ParPD effect
on the pBEF161 miniF plasmid that carries a functional parS site at
34 °C, but had no effect on the stability of pMF3, which lacks parS.
These data indicate that ParAD152H can confer the ParPD phenotype
to a non-P1 plasmid carrying parS in the presence of ParB, and can over-
ride the F plasmid SopABC partition system (Table 3). Cells carrying
both the P1-parS+ (pBEF246) and pBEF161 F-parS+ (but not pMF3)
plasmids also exhibited simultaneous ParPD effects on both plasmids
when the parAD152H allele was expressed with parB at 34 °C from
pRλD152H (data not shown).
Next, we assayed the ability of ParPD parAD152H allele to override the
normal chromosomal segregation system and compromise the viability
of E. coli cells carrying a chromosomal parS copy (Table 3). DH5 cells ly-
sogenized by λparS (parS+), and carrying the pRλD152H plasmid were
plated at 34 °C (induced parAD152H-parB expression) and 30 °C (re-
pressed) and cell viabilities were compared. We did not observe any ef-
fect on viability or colony size for DH5(λparS) cells expressing the
ParAPD allele parAD152H in the presence of parB. Cells were fully viable
at 30 °C, 34 °C, 37 °C, or 42 °C (e.o.p between 0.95 and 1.0), and colonies
and single cells could not be physically distinguished from those that
lacked parS, or the pRλD152H plasmid (data not shown).
ParA modulates ParB-mediated pairing of parS DNA fragments in a
nucleotide-dependent manner
We used a parS capture assay (seeMaterials andmethods, Fig. 1B) to
measure the inﬂuence of ParA on the IHF and ParB-mediated capture of
radiolabeled soluble parS fragment. Using the standard amount of solu-
ble parS DNA (200 fmol) and the optimal observed addition of ParB pro-
tein (Li and Austin, 2002), we titrated ParA into the mixture and
measured the inﬂuence on free parS capture in the presence of ATP
(Fig. 3A), the nonhydrolysable analog ATPγS (Fig. 3B), or ADP (Fig. 3C).
We noted a signiﬁcant increase in signal only in presence of ATPγS,
whereby ParA increased the parS capture signal more than threefoldTable 2
Increased stability of Par− P1 via co-segregation with F.
P1 Plasmid a F Plasmid b ParB c Plasmid retention (%)
P1 F
Δ(parAB)-parS+ − − 7±2 −
− + 2±2 −
miniF − 6±3 N99±1
miniF + 7±1 N99±1
miniF-parS+ − 2±2 99±2
miniF-parS+ + 39±3 N99±1
All assays were performed in DH5 at 34 °C.
a pBEF246 possesses parS but is deleted for parA-parB (CmR).
b pMF3 is a functional miniF1 plasmid; pBEF161 is pMF3 possessing the parS parti-
tion site.
c ParB supplied by pBEF118kan; ParB− plasmid control was pBR322.(N18%) compared to ParB alone (5.4%) and more than 2.5 fold versus
the optimal levels of ParA in the presence of ATP (6.8%). In all assays, in
the absence of ParB or parS (unconjugated SAM), ParA did not exhibit a
signal with any of the tested nucleotides, indicating that ParA stimulates
pairing of adjacent parS sites in the presence of ATP and ATPγS in a ParB
and parS dependent manner. Interestingly, in the presence of ATP, ParA
did not exertmuch inﬂuence on ParB-mediated intermolecular parS cap-
ture with all values falling within the error range of ParB activity in the
absence of ParA. Moreover, the addition of ADP in the presence of ParA
resembled SAM (parS−) results, reducing parS capture to levels well
below that imparted by ParB alone. And, while ParB demonstrated rela-
tively equal capacity to associate parS fragments in the presence or ab-
sence of any nucleotide, increasing levels of ParA competitively
inhibited ParB-mediated parS pairing in the presence of ADP.
The ParAPD allele strongly stimulates ParB-mediated parS–parS association
Next we employed the parS capture assay to measure the inﬂu-
ence of the ParAPD allele ParAD152H on the IHF and ParB-mediated
capture of radiolabeled soluble parS fragment (Fig. 4). In the presence
Table 3
A ParAPD allele can over-ride F Sop but not chromosomal segregation system.
Phage Partition
plasmid a
Gene(s)expressed
in trans b
Plasmid retention
(%)c
Cell viability
(%)d
– P1Δ(parAB) lacZα 3±2
− P1Δ(parAB) parA-parB 91±3
– P1Δ(parAB) parAD152H-parB b0.04c
– miniF lacZα N99±1
– miniF parA–parB N99±1
– miniF parAD152H-parB N99±1
– miniF-parS+ lacZα 99±1
– miniF-parS+ parA-parB 99±1
– miniF-parS+ parAD152H-parB b0.04c
λD69 – lacZα 100
λ D69 – parA-parB 100
λ D69 – parAD152H-parB 100
λ parS – lacZα 100
λ parS – parA-parB 100
λ parS – parAD152H-parB 100
Plasmid assays were conducted in DH5. Assays with λD69 and λparS were conducted
in N99. All assays were conducted at 34 °C.
a MiniP1 plasmid is ΔparAB-parS+; miniF1 plasmid is pMF3 (Azatian et al., 2009);
pBEF161 is pMF3 that carries parS.
b pRλ plasmids carry genes under control of λ pR and the CI[Ts]857 repressor that
are repressed at 30 °C and expressed at increasing levels at 33 °C and above; assays
here are carried out with pRλkan plasmid derivatives at 34 °C.
c plasmid retention ratio determined by screening CFU grown in absence of selection
for ~15 generations on antibiotic plates (speciﬁc for plasmid of interest)/CFU on LB.
d Viability determined as plating efﬁciency of cells at 30 °C (repressed)/37 °C (Zuzzi
et al., 2007).
Fig. 3. Inﬂuence of ParA on parS capture. Capture of [α-32P] ATP-labeled parS fragment
(~50 fmol)measured following various incubationswith nucleotide. (A) ATP (Hirsch-Lerner
and Barenholz, 1999)+SAM-parS (~50 fmol) (Li and Austin, 2002). (B) ATPγS (2 mM)+
SAM-parS (~50 fmol) (Li and Austin, 2002). (C) ADP (2mM)+SAM-parS (~50 fmol)
(Li and Austin, 2002). Protein additions were at observed optimal levels: IHF (0.2 μg), ParB
(7.5 μg), ParA (titrated). Single ﬁlled symbol in each assay denotes a 10 μg of ParA, 0.2 μg
IHF in the absence of ParB control; semi-ﬁlled symbol represents all maximal protein re-
agentswith unconjugated SAM instead of parS. Each reaction included 0.02% BSA, 0.02% son-
icated salmon sperm DNAwas incubated for 15 min at 37 °C. Error bars from aminimum of
three trials represent 1 SD variation on either side of the mean.
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than fourfold (N23%) that of ParB alone at the optimal level. In con-
trast, the association of parS fragments via ParB was not signiﬁcantly
altered by ParA in the presence of ATP (Fig. 3A). This ﬁnding indicates
that the D152H substitution within ParA enhances ParB-mediated,
parS−parS associations in the presence of ATP. Like ParA wt, the
ParAPD allele strongly inhibited ParB-mediated parS capture (b1%)
in the presence of ADP.
Discussion
The success of previous attempts to experimentally demonstrate
the parS pairing function of ParB has been largely limited to date. In
this study we have developed novel in vivo and in vitro assays to ex-
amine the ability of ParB to promote intermolecular pairing between
parS sites and how these interactions are inﬂuenced by wild type and
parPD alleles of parA. Our data support a model whereby ParB medi-
ates the pairing of P1 plasmids and ParA can both promote and inhibit
complex formation in a nucleotide-dependent manner.
In vivo we found that the expression of parB at near physiological
levels could partially rescue the stability of a parA–parB deleted P1 plas-
mid only when parS was also present either in the E. coli chromosome,
or on a stable (Azatian et al., 2009) F plasmid. This ﬁnding strongly sug-
gests that the Par− P1 plasmid is “piggy-backing” on the stable replicon
via ParB-mediated parS-to-parS intermolecular interactions. If one plas-
mid pairing event occurs per replication, then in our assay we would
not expect complete rescue of the Par− P1 plasmid since nonproductive
pairing events between P1 parS sites, or chromosomal parS sites should
inevitably also occur. Our results concur with those of Edgar et al.
(2001) who found that ParB could generate intramolecular loops in
vivo in a small test plasmid possessing apposing parS sites, although
the levels of ParB and parS were in excess of wildtype levels. While
our assay tested intermolecular parS–parS interactions at near wildtype
levels of ParB, the presence of the second parS site may present a lower
local concentration of ParB per parS than wildtype conditions. A ParB
dimer can load onto parS differentially such that the initial ParB-IHF-
parS complex consists of a mixture of different orientations of
ParB (Schumacher and Funnell, 2005; Vecchiarelli et al., 2007). This
Fig. 4. Inﬂuence of ParAPD on parS capture. Capture of [α-32P] ATP-labeled parS fragment
(~50 fmol)measured following various incubationswith ATP (Hirsch-Lerner and Barenholz,
1999)+SAM-parS (~50 fmol) (Li and Austin, 2002). Protein additions were at observed op-
timal levels: IHF (0.2 μg), ParB (7.5 μg), ParAPD (titrated). Controls include: 10 μg of ParA,
0.2 μg IHF in the absence of ParB (○); 10 μg ParAPD, 7.5 μg ParB with lacI instead of parS
(□). Each reaction included 0.02% BSA, 0.02% sonicated salmon sperm DNA was incubated
for 15 min at 37 °C. Error bars represent variation in repeated trials.
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inter- as well as intra-molecular parS recognition (Vecchiarelli et al.,
2007). The requirement for multiple motifs reﬂects speciﬁc higher
order interactions with ParB. Following recognition and binding of
parS by a dimer of ParB, multiple dimers load onto parS to form large
complexes as visualized in vivo as large foci using immunoﬂuorescence
or ﬂuorescent forms of ParB (Erdmann et al., 1999; Li and Austin, 2002).
Other protein–protein interactions, likelymediated by the oligomeriza-
tion domains in the N-terminal half of ParB and non-speciﬁc DNA inter-
action could supply the “glue” to tether together paired plasmids
(Surtees and Funnell, 1999).
We have developed a novel assay to test ParB-mediated pairing of
parS sites in vitro based on the ability of ParB to link immobilized parS
to free radiolabeled parS fragments and capture the complex. We noted
that pairing could be achieved in the presence of adequate ParB and
IHF. Although we cannot determine the stoichiometry of the ParB–parS
complexes being formed and whether these fragments are isolated as
pairs or clusters comprised of several parS fragments, we may state con-
ﬁdently that the interaction is speciﬁc to ParB and parS. We also expect
that the maximal signal generated by this assay may be limited by the
types of pairing events that may ensue, only one of which results in a
measurable signal. For instance, tethered parS may interact with other
tethered parSmolecules, or soluble parS may interact with other soluble
parS molecules, neither of which would impart a captured signal. Inter-
molecular parS pairing was dependent upon full length ParB and could
not be established with the ParB (142–333) deletion mutant. This result
corroborates the previous observation that ParB (142–333) was unable
to form higher order complexes with parS in gel shift assays (Surtees
and Funnell, 2001). The N-terminal deletion of ParB (142–333) spans
the expected oligomerization domain of ParB, which is relieved from in-
hibition after either substantial deletion of the C-terminus (Surtees and
Funnell, 1999), or possibly upon binding DNA. The recent crystal struc-
ture of ParB (142–333) bound to a 16 bp A-box/B-box-containing site in-
dicated that one P1 ParB was able to interact simultaneously with four
separate DNA duplexes or DNA sites on bent DNA, or a mixture of
these permutations (Schumacher et al., 2007), however, this multibrid-
ging capacity was not observed to translate oligomerization capabilities.
It is probable that the partition-defective ParB mutants isolated by
Lobocka and Yarmolinsky (1996) that could bind parS, but prevented
the bidirectional spread of ParB into ﬂanking DNA (Rodionov et al.,1999), were also defective for oligomerization. These mutants were
later also shown to be incapable of intramolecular pairing of parS sites
(Edgar et al., 2001). Whether ParB spreading promotes P1 plasmid pair-
ing remains to be seen, but the observation that the spreading phenotype
is also imparted by the F homologue, SopB on sopC (Biek and Shi, 1994;
Biek and Strings, 1995; Lynch andWang, 1994) lends credence to its par-
ticipation in the partition process.
The propagation defective phenotype can be conferred by speciﬁc
mutations in parA, but only in the presence of ParB (Fung et al., 2001;
Youngren and Austin, 1997). These alleles are presumed to promote
ParB-mediated parS–parS interactions between P1 plasmids and result
in poorly resolved plasmid clusters that gravely impede partition. We
show here that the ParAD152H allele can indeed confer a ParPD pheno-
type between P1 and F plasmids each carrying a parS site, and in the
presence of ParB. This ﬁnding strongly suggests that the parS sites on
F and P1 plasmids are being tethered together by ParAD152H in a
ParB-dependent manner into an unresolvable cluster that is capable of
over-riding the independent sopABC partition system of F (reviewed
in (Hiraga, 2000)). In DNA gyrase-inhibited cells, pairing prevented dif-
fusion of transcription-generated positive supercoils (Edgar et al.,
2006). This supercoil trapping was almost entirely in plasmid dimers,
where the location of the parS sites in cis facilitated their pairing. The ad-
dition of ParA also blocked supercoil diffusion in plasmid monomers.
Apparently, ParA altered the ParB–parS complex such that it could no
longer swivel, most likely by anchoring it; a reaction of probable rele-
vance to partition (Edgar et al., 2006).
We extended our parS capture assay to examine the inﬂuence of ParA
and the ParPD allele, ParAD152H (Fung et al., 2001) on ParB-mediated
parS–parS interactions. We found that in the presence of ATP, ParA
does not exert much inﬂuence on parS–parS interactions, while
ParAD152H greatly promotes pairing in an ATP-dependent manner. In
the presence of the nonhydrolyzable analog ATPγS, ParA promoted pair-
ing similar to that of ParAD152H in the presence of ATP. The effect of nu-
cleotides on ParA function has been very well illustrated previously
(Bouet and Funnell, 1999). We think that the inability of ParA–ATP to
stimulate pairing, as measured here, is unlikely to be explained by ParB
promotion of ParA ATPase activity alone as increasing levels of ParA–
ATP did not shift the equilibrium in favor of parS–parS association.
These ﬁndings may suggest that ParA–ATP occupies more than one
structural conformation, only one of which (that is highly transient) is
conducive to parS–parS intermolecular association, and ATPγS may
lock ParA in this conformation. Next we noted that ParA actually inhib-
ited complex formation in the presence of ADP (Fig. 3C). This result sug-
gests that while some conformation(s) of ParA–ATPmay stimulate ParB-
mediated parS–parS associations, following ATP hydrolysis ParA–ADP
likely inhibits ParB coupling of parS sites (Fig. 5A). How ParA–ADP in-
hibits ParB-mediated parS–parS associations is unknown, but based on
our ﬁndings, may be due to the binding and sequestering of ParB from
parS.
Because the activity of ParAD152H with ATP resembles that of
wild-type ParA with ATPγS, it is likely that the ParPD phenotype gen-
erated by the D152H mutation is due to a defect in some aspect of the
ATP hydrolysis activity. Preliminary experiments with ParAK122R,
another ParAPD allele, indicate that its ATPase activity is not stimulat-
ed by ParB (data not shown). We suggest that the inability of ParB to
stimulate ParA ATPase activity is responsible for the ParPD phenotype,
which we propose results in prolonged associations between parS
sites that could cause replicated plasmids to cluster and miss the op-
portunity to partition (Fig. 5B). This model is supported by observa-
tions of the repressor activity of wild-type and mutant ParAs (Fung
et al., 2001). ParB normally stimulates the repressor activity of wild-
type ParA (it acts as a corepressor in vivo; (Friedman and Austin,
1988)). ParB stimulation of ParAPD allele repressor activity is very
poor compared to that of wild type ParA (Fung et al., 2001). Since
ParA–ADP is as a better repressor than ParA–ATP (Bouet and Funnell,
1999), the poor repressor ability of the ParAPD alleles may again be
Fig. 5. The role of ParA in P1 plasmid pairing and the ParPD phenotype. ParB mediates the pairing between P1 plasmids prior to their relocation to the ¼ and ¾ cellular positions. (A) A
conformation of ParA–ATP promotes the formation of this complex, strengthening intermolecular parS pairing by ParB. ParB in turn stimulates the ATPase activity of ParA and ParA–ADP
inhibits plasmid pairing by sequestering ParB and repressing further parA–parB expression. The timely resolution of plasmids allows each copy to be repositioned to its new cellular ad-
dress. (B) ParAPD–ATP promotes complex formation like ParA. ParAPD is insensitive to ATPase stimulation by ParB, greatly delaying ATP hydrolysis and generation of the ParAPD–ADP com-
plex-inhibitive form. As a result timely partition cannot occur and both copies are inherited by only one of the daughter cells resulting in the rapid loss of the plasmid from the cell
population.
198 T. Kaur et al. / Virology 421 (2011) 192–201linked to the inability of ParB to stimulate the ATPase activity of these
alleles, or a conformational reversion in ParA that can only be
achieved through interactions with ParB.
Recent evidence from several partition systems with relatedWalker-
type ATPases indicates that an ATP-dependent association with the bac-
terial nucleoid is an essential step in the partition reaction (Castaing et
al., 2008; Hester and Lutkenhaus, 2007; Vecchiarelli et al., 2010). Muta-
tions in F plasmid SopA and Bacillus subtilis Soj that damage their ATP-
dependent nonspeciﬁc DNA binding activities in vitro are defective in
partition activity in vivo (Castaing et al., 2008; Hester and Lutkenhaus,
2007). In P1, ATP binding by ParA promotes a conformational change
necessary for nonspeciﬁc DNA binding; the kinetics of this change pro-
vides a time-delay switch to allow slow cycling between the DNA bind-
ing and non-binding forms of ParA (Vecchiarelli et al., 2010). It has
been proposed that this cycling, when stimulated by ParB bound to the
plasmid DNA, produces a continuous redistribution of ParA on the nucle-
oid (the major nonspeciﬁc DNA in a bacterial cell) and the motive force
for plasmid movement (Vecchiarelli et al., 2010). These reports strongly
indicate a causal link betweennon-speciﬁcDNAbindingof the host chro-
mosomeby theATPase partition protein and promotion of a dynamic be-
havior that ensures plasmidpartition. ParA that are thought to contribute
to the mechanical force required for chromosome and plasmid segrega-
tion. Recently, Hui et al. (2010) demonstrated in Vibrio cholerae, using
electrophoretic mobility shift assays and restriction enzyme protection
assays that ParA2 boundDNA in a nonspeciﬁc fashion and the interactionbetween ParA2 and DNA fully protected the DNAmolecule from restric-
tion by the endonuclease Sau3AI. In addition, the stoichiometry of bind-
ing was one ParA dimer for every eight base pairs. Furthermore, in this
study the electron microscopy and three-dimensional reconstruction
revealed that ParA2 formed bipolar helical ﬁlaments on double-stranded
DNA in a sequence-independent manner. These ﬁlaments had a distinct
change in pitchwhen ParA2was polymerized in the presence of ATP ver-
sus in the absence of a nucleotide cofactor (Hui et al., 2010). It has also
recently been demonstrated that DNA acts on SopA both directly and
non-speciﬁcally and through SopB as centromeric DNA, to fully activate
SopA ATP hydrolysis (Ah-Seng et al., 2009). The phenotype of the parAPD
alleles in partition is consistent with an inability of plasmid pairs to sep-
arate during partition, but in addition, themisregulation of ATPase activ-
ity would be expected to offset or disrupt the ParB inﬂuence on the
patterning of ParA on the bacterial nucleoid.
We have examined whether ParB can impart intermolecular parS
associations using novel in vivo and in vitro assays. Our results sug-
gest that via intermolecular parS associations ParB mediates the pair-
ing of P1 plasmids, and ParA both promotes and inhibits this activity
of ParB in a nucleotide dependent manner. It is important to note that
there is currently no concrete evidence to indicate that plasmid pair-
ing is essential in the P1 partition process; on the contrary, there is
evidence from plasmid incompatibility studies that pairing is not a
requisite event in the plasmid partition process (Ebersbach et al.,
2005; Bouet et al., 2007). Nonetheless, plasmid pairing is a likely
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pairs for faithful inheritance of a copy by each daughter cell. Our
data are consistent with a model in which the prevention of plasmid
pair resolution results in the ParPD phenotype. In addition, we pro-
pose that parA alleles that confer the ParPD phenotype may delay
the resolution step due to the inability of ParB to stimulate their
ATPase activity, whereby newly replicated plasmids remain tethered
and miss the temporal window for functional partition.
Conclusion
Weprovide evidence that ParB of P1pairs theparS sites of plasmids in
vivo and fragments in vitro. Our ﬁndings support a model whereby ParB
complexes P1 plasmids, ParA–ATP stimulates this interaction and ParA–
ADP inhibits ParB pairing activity in a parS-independent manner. We
propose that these mutant alleles confer the ParPD phenotype because
they are not subject to ParB-mediated stimulation of ATPase activity,
delaying ATP hydrolysis and hence, partition complex disassembly.
Materials and methods
Reagents, media, and buffers
The suppliers for reagents were as follows: restriction enzymes and
enzymes for DNAmanipulations, Promega; antibiotics, Sigma and Fisher
Scientiﬁc; radioisotopes, Amersham Biosciences; Streptavidin-magnetic
bead (Ewert et al., 2008) suspension, Dynalbiotech;Magnetic separation
stand, Promega; Adenosine 5′-O-3-thiotriphosphate, Roche; adenosine
5′-triphosphate (ATP), adenosine 5′-diphosphate (Bouet and Funnell,
1999) and bovine serum albumin (BSA) were obtained from Sigma. Bac-
terial cells were grown in Luria Bertani (Bell et al., 2003) medium.
Antibiotics, when present, were used at the following concentrations:
ampicillin, 100 μg/ml; chloramphenicol, 25 μg/ml; and kanamycin,
50 μg/ml. Buffers were made as follows: TN buffer, 0.1 M NaCl, 0.01 M
Tris–HCl pH 7.6; DNA capture buffer (DCB), 0.05 M HEPES-KOH, 0.1 M
NaCl, 0.001 M EDTA, 0.01 M MgCl2; Nucleotides (ATP, ATPγS or ADP),
when present, were included at 2 mM.
Bacterial strains, bacteriophages, and plasmids
We utilized the E. coli K-12 strain DH5α (argF-lac)169 glnV44 rfBD1
gyrA96 recA1 endA1 spoT1 thi-1 hsdR17 and N99 galK (NIH) in thisTable 4
Plasmids.
Phage and plasmids Description
λD69
λparS
pBEF118
pBEF118 kan pBEF118 carrying a 1.2-kb kan cassette from pUC4-K.
pBEF161 pMF3 carrying parS, AmpR
pBEF246 Low-copy-number P1 ΔparA-parB (HindIII-XcmI deletion of P
pEF8.1 parA-parB under control of pbla2 promoter, AmpR
pEF8.4 parAD152H-parB under control of pbla2 promoter, AmpR
pLG44 Low-copy-number miniP1, Par+ CamR
pLG49 pLG44 carrying lacIq, CamR
pMF3 Low-copy-number F, Sop+ AmpR
pRλlacZ Temperature-inducible expression of lacZ under control of λ
pRλlacZ Kan pRλlacZ, KanR
pRλPar Temperature-inducible expression of parAD152H-parB under
pRλPar Kan pRλlacZ, KanR
pRλD152H Temperature-inducible expression of parAD152H-parB under
pRλD152H Kan pRλlacZ, KanR
pET-ParA IPTG-inducible expression of his-parA under control of tac pr
pET-ParB IPTG-inducible expression of his-parB under control of tac pr
pET-D152H IPTG-inducible expression of his-parAD152H under control o
pUC4-K Source of KanR cassettestudy. For cloning proposes, the E. coli DH5α strain F− endA1 glnV44
thi-1 recA1 relA1 gyrA96 deoR nupG Φ80dlacZΔM15 Δ(lacZYA-argF)
U169, hsdR17(rK− mK+), λ– was used. For induction the expression of
the recombinant proteins,the E. coli BL21(DE3) F− ompT gal dcm lon
hsdS B (Schumacher et al., 2007a) λ(DE3 [lacI lacUV5-T7 gene 1 ind1
sam7 nin5]) strain was used.
Phages and plasmids used in this study are listed in Table 4. pUCPar
was constructed by cutting the SacI-parA-parB-SalI fragment from
pEF8.1 (Fung et al., 2001) and inserting it into the MCS of pUC18.
pUCD152H was constructed the same way except inserting the SacI-
parAD152H-parB-SalI fragment from pEF8.4 (Fung et al., 2001).
pRλlacZKan was constructed by replacing the AmpR cassette of
pRλlacZ with the 1.2-kb kan cassette from pUC4-K. pRλPar was con-
structed by cutting the SacI–parA–parB–AatII fragment from pUCPar
and inserting it into pRλlacZ double digested with SacI and AatII.
pRλD152H was constructed the same way except inserting SacI–
parAD152H-parB–AatII fragment from pUCD152H into pRλlacZ.
pRλPar and pRλD152H place parA–parB allele expression under
control of λ PR and the λ CI[Ts]857 repressor. pRλParKan and
pRλD152HKan was constructed in the same way as pRλPar and
pRλD152H except the SacI–par–AatII inserts were cloned into
pRλlacZKan. pBEF118kan was constructed by replacing the amp cas-
sette in pBEF118 with the 1.2 kb kan cassette from pUC4-K. pET–
ParB was constructed by amplifying a NcoI–parB–EcoRV fragment
from pRλParKan and cloning into pET30a+(Novagen). pET–ParA
was constructed the same way except with NcoI-parA-EcoRV frag-
ment. pET–D152H was constructed by amplifying a NcoI–parB–EcoRV
fragment from pRλD152HKan and cloning it into pET30a+. The
pET–ParA and pET–ParB plasmids were constructed by ampliﬁcation
of the parA and parB genes using the ParA-Forward: 5′-TTAAC-
CATGGCTATGAGTGATTCCAGCC-3′ and ParA-Reverse 5′-TGCGAATTC-
GATATCTCAGTTAGATCTGATAAA-3′ primers; and ParB- Forward 5′-
TCATCACCATGGCTATGTCAAAGAAAAACA-3′and ParB- Reverse 5′-
TCAGAATTCGATATCTTAAGGCTTCGGCTTTTT-3′ primers respectively,
and using pRλParKan as a DNA template. The parA and parB PCR frag-
ments were cloned into the pET30a(+) (Novagen) by NcoI and EcoRV
resulting in the plasmids pET-ParA and pET-ParB, respectively. For the
construction of the pET-D152H plasmid, pRλD152HKan was used as a
DNA template for the PCR. The primers ParA-Forward and ParA-Re-
verse were used to amplify the parAD152H fragment. The PCR frag-
ment was cloned into the pET30a(+) by NcoI and EcoRV resulting in
the plasmid pET-ParAD152H.Reference or source
(Mizusawa and Ward, 1982)
(Erdmann et al., 1999)
(Funnell and Gagnier, 1994)
This study
(Funnell, 1991)
1 par), parS+ CamR (Slavcev and Funnell, 2005)
(Fung et al., 2001)
(Fung et al., 2001)
(Funnell and Gagnier, 1995)
(Funnell and Gagnier, 1995)
(Manis and Kline, 1977)
pR and CI[Ts]857 repressor, AmpR (Slavcev and Hayes, 2003)
This study
control of λ pR and CI[Ts]857 repressor, AmpR This study
This study
control of λ pR and CI[Ts]857 repressor, AmpR This study
This study
omoter and LacI repressor, KanR This study
omoter and LacI repressor, KanR This study
f tac promoter and LacI repressor, KanR This study
Amersham Biosciences
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ParA, ParB and ParAD152H proteins were prepared as follows:
Cultures of E. coli harboring the plasmids pET–ParA (ParA), pET–
ParB (ParB), and pET–ParAD152H (ParAD152H) were grown to an op-
tical density at 600 nm of 0.8, and induction was achieved by the ad-
dition of 2 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After
induction for 16 h at 28 °C, cells were harvested by centrifugation at
14,000 rpm for 15 min, and stored at −80 °C until use. Thawed cell
were afterwards resuspended in 10 ml of buffer NPI-10 (50 mM
NaH2PO4, 300 mM NaCl, 10 mM imidazole [pH 8.0]) and 1 ml lyso-
zyme solution (10 mg/ml). In addition, 3 units of Benzonase were
added for every ml of the original cell culture volume. The cells
were lysed by incubation at RT for 30 min then centrifuged at
15,000×g at 4 °C for 30 min. The crude cellular extracts were applied
to Ni-NTA Superﬂow Columns (QIAGEN), pre-equilibrated with 10 ml
of Buffer NPI-10, and washed twice with 10 ml Buffer NPI-20 (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole [pH 8.0]). The 6xHis-
tagged fusion proteins were eluted with 3 ml Buffer NPI-250
(50 mM NaH2PO4, 300 mM NaCl, 250 mM imidazole [pH 8.0]). His-
tagged ParB (142–333) was produced as previously described (Surtees
and Funnell, 2001). Protein concentration of the puriﬁed recombinant
proteins was determined by Bradford protein assays. IHF heterodimer
was produced by co-expression of himA-hip as previously described
by Nash et al. (Nash et al., 1987), where residual nuclease activity was
negated by excess salmon sperm DNA in each reaction.Temperature optimization
Multicopy plasmids that express Par wt (pRλPar), or ParPD
(pRλD152H) were constructed. These plasmids place their par genes
under the control of λ PR and the CI[Ts]857 repressor allowing for sen-
sitive thermal regulation of gene expression (Table 4). We noted that
cotransformation of cells by pRλPar or pRλD152H and the Δpar
miniP1 pBEF246 was easily achieved at 30 °C indicating that gene ex-
pression from pRλD152H remains low enough to not further perturb
pBEF246 miniP1 stability. We found that miniP1 was powerfully desta-
bilized by the propagation defective phenotype (b10−5 retention)
when parAD152H-parB (and to a lesser degree parA-parB) were
expressed from pRλD152H and pRλPar respectively at 37 °C (data not
shown). Initially, we sought to identify a temperature at which parA–
parB expression from pRλPar would confer a Par+ phenotype to
pBEF246. We noted that at 34 °C pRλPar was able to signiﬁcantly in-
crease the stability of pBEF246 to a near wild type level, suggesting
that parA–parB expression at this temperature resembled wild type
conditions (Table 2). In contrast, pRλD152H continued to confer the
ParPD phenotype at this temperature further reducing miniP1 stability
by two orders ofmagnitude. Hencewe conducted all subsequent exper-
iments at 34 °C.Plasmid stability tests
A culture of E. coli cells containing P1 and/or F plasmid was grown
overnight in LB medium at 34 °C from a single colony under selective
conditions. 34 °C was used as the base temperature for stability assays
as it was found to be the ideal temperature at which parA–parB ex-
pression from pRλPar could stabilize a Δ(parA–parB)–parS+ plasmid.
Each culture was diluted 104-fold into 5 ml of fresh LB medium with-
out antibiotics, grown overnight at 34 °C (about 15 generations), and
then diluted and plated onto LB medium plates. The resulting colonies
were transferred with toothpicks onto plates containing LB medium
and LB medium plus antibiotics to determine plasmid retention. A
minimum of 100 colonies were tested for each strain, and each
assay was performed three times.Preparation of DNA-biotin-streptavidin-magnetic beads
DNA fragments were constructed as follows: A 1, 032-bp biotiny-
lated parS fragment was PCR ampliﬁed from pLG44 using primers 5′-
GCTTTGTGCTGTTGGCGACG-3′ and Biotin-5′-CTGAACAGGCAGGAT-
CATCGCG-3′; a 932-bp biotinylated lacI fragment was ampliﬁed
from pLG49 using primers 5′-CGCGACGTTATACGATGTCGCAGA-3′
and Biotin-5′-CGCGCCCTTCACCGCCTGGCCCTG-3′; An α 32P ATP-
labeled 1, 012-bp parS fragment was ampliﬁed from pLG44 using
primers 5′-GTATCCGAAGCACTATTAAGCATC-3′ and 5′-CACTTGCC-
CACGCTGTAGCG-3′. 11X DNA-SAM premixes were made in a total
volume of 600 μl as follows: A 1 ml aliquot of SAM suspension was
washed three times via lateral magnetic separation of beads with
1 ml of DCB, and resuspended to a total volume of 1 ml with DCB.
500 μl of SAM was incubated with 50 μl (~2 pmol) of biotinylated
DNA fragment and incubated with frequent mixing at 37 °C and a
minimum of 120 min at 30 °C. A 50 μl aliquot of digested with
EcoRV and found to bind approximately 50 fmol of biotinylated parS,
or lacI fragment. Beads were then washed twice with 1 ml of ParB
buffer and resuspended to total volume of 520 μl in the same buffer.
Final suspensions contained 0.02% BSA, 0.02% sonicated salmon
sperm DNA and 10 mM MgCl2, and were incubated at 37 °C for
60 min. This procedure was used to prepare beads bound to biotiny-
lated parS (premix A), biotinylated lacI (premix B), or no DNA (pre-
mix C). Premixes containing nucleotide possessed 0.002 M ATP,
ATPγS, or ADP.
Radiolabeled parS capture assay
Additions to 50 μl of premix: Nucleotide, if applicable, was added to
each sample to 0.002 M; Next, 2 μl (~0.2 pmol) of α 32P ATP-labeled
parS fragment was added to each sample; Next, DCB was added to
each sample as needed to ensure that each sample per assay possessed
the same volume. Finally, proteins (ParB added last) were added as re-
quired to each sample. Samples were incubated at 37 °C with frequent
gentle mixing for 15 min. Sample tubes were then placed into magnetic
separation columns, supernatant was carefully removed and beads were
washed once with 200 μl of DCB pre-warmed to 37 °C and +/−0.002 M
of appropriate nucleotide as required, and beads were resuspended in
100 μl of ice cold DCB without nucleotide. Samples were vortexed vigor-
ously for 30 s and the entire volume was spotted onto glass ﬁber ﬁlters.
Amounts of incorporated [α32P] ATP were measured with in a liquid
scintillation counter. Maximal activity of total 32P-labeled parSDNA gen-
erally ranged between 50,000 and 300,000 cpm allowing for accurate
and reproduciblemeasurement of parS capture. Readingswere corrected
versus background non-speciﬁc DNA-binding assessed by samples that
carried SAM-parS and radiolabeled parS in the presence of only BSA pro-
tein. The error bars represent the variation in duplicates in each experi-
ment calculated from a minimum of three trials as a standard deviation
on either side of the mean.
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